Laser rapid melting and recrystallization of in situ crystals is an interesting issue in research fields of applied physics and materials science. This letter investigated the growth mechanisms of in situ dendritic TiC from laser melted Ti-Si-C ternary system. The growth of TiC dendritic trunks was kinetically dependent on laser scan speed and was influenced negligibly by laser power. A higher scan speed produced the elongated dendritic trunks. The development of TiC dendritic arms was temperature-dependent. An increase in laser energy density by increasing laser power or decreasing scan speed enhanced the growth of primary and even secondary dendritic arms. Rapid melting and recrystallization by selective laser melting (SLM), a newly developed additive manufacturing (AM) technology, has demonstrated high capabilities in producing a range of materials including metals, alloys, ceramics, and metal matrix composites (MMCs). [1] [2] [3] [4] [5] Generally, a high-energy laser beam can be focused to a power density up to 10 10À12 W/cm 2 during SLM and can rapidly heat a material surface to a temperature up to 10 5 K, followed by a rapid cooling at a rate up to 10 6À7 K/s. [6] [7] [8] These unique physical features provide excellent possibility in obtaining very fine microstructures with superior metallurgical properties. In particular, SLM production of in situ ceramic reinforced MMCs has recently attracted considerable research interests. According to a strategy of "designed materials," the in situ reinforcing phases are synthesized in the metallic matrix by chemical reactions. [9] [10] [11] [12] The in situ reinforcements are thermodynamically stable within the matrix, leading to less degradation in elevated-temperature applications. Also, the in situ phases are normally finer in size, and the reinforcement/matrix interfaces are more compatible, yielding stronger interfacial bonding and better properties of the products. 13, 14 Currently, the laser engineered net shaping (LENS V R ) AM process has demonstrated a promising potential in developing high-performance MMCs parts. Schoenung et al. [15] [16] [17] [18] [19] have produced the dense WC-Co and (Ti,W)C-Ni MMCs parts from nanostructured WC-Co and (Ti,W)C-Ni powder by using LENS process with a continuous wave 750 W Nd:YAG laser. Both theoretical and experiential works have been performed to study the thermal behavior of LENS process and the mechanisms of microstructural evolution of laser-processed composites. Lavernia et al. 20, 21 have deposited IN625-based and Ti6Al4V-based MMCs using LENS with Ni-coated and uncoated TiC reinforcement particles. The integrity of the interface between matrix and TiC particles and the mechanical properties of LENS-deposited MMCs are all effectively improved by using Ni-coated TiC particles. Wu et al. 22 have fabricated the Ti6Al4V/TiB MMCs using LENS with a 1750 W CO 2 laser by injection of pre-mixed powders of TiB 2 and Ti6Al4V. The modulus, yield and ultimate strength of Ti6Al4V are increased by the TiB reinforcement, but the ductility is decreased. In the work of Banerjee et al., 23 the MMCs consisting of a complex quaternary Ti-35Nb-7Zr-5Ta alloy reinforced by borides have been deposited from a blend of Ti, Nb, Zr, Ta, and TiB 2 powders, using LENS process with a 760 W pulsed Nd:YAG laser. In contrast, not much work has previously been reported on the SLM fabrication of in situ MMCs parts. Typically, SLM of in situ MMCs has a complicated, nonequilibrium physical and chemical nature, which involves multiple modes of heat, mass, and momentum transfer combined with chemical reactions under the dynamic, high-energy laser scanning. 24, 25 The unpredictability and/or uncontrollability of the microstructural formation of in situ phases in a SLM route are regarded as a major obstacle in achieving in situ MMCs with favorable microstructures and properties. The laser-controlled crystallization and growth mechanism of in situ phases is accordingly an important and interesting issue in the fields of both applied physics and materials science. In this work, SLM of the SiC/Ti powder system having an in situ reaction nature has been performed to prepare in situ TiC/Ti 5 Si 3 MMCs. The objective is to investigate the growth characteristics of in situ TiC phase from laser melted Ti-Si-C ternary system. Special attention has been paid to the underlying physical mechanisms for crystallization and growth of in situ TiC crystals.
The starting materials were 99.0% purity, irregularshaped SiC powder with an average particle size of 13 lm and 99.9% purity, poly-angular Ti powder with a mean particle size of 45 lm. The original SiC and Ti components were mixed according to a weight ratio of 23.8:76.2, i.e., an equivalent molar ration of 3:8. The two powder components were milled in a Fritsch Pulverisette 6 planetary ball mill at a rotation speed of 300 rpm for 15 h, with a ball-to-powder weight ratio of 10:1. For SLM process using a powder bed method, a thin powder layer with a thickness 50 lm is normally used, which requires the refined particle size. The as-milled composite powder had a considerably refined average particle size D 50 ¼ 3.16 lm. Furthermore, a high flowability of the powder is necessary for its smooth spreading during SLM process. The milled composite powder had a near-spherical shape and a)
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The spreading property of the powder on powder bed was sufficiently favorable for SLM. The energy dispersive x-ray spectroscope (EDX) method was applied to determine the chemical compositions of the total powder particles as investigated and the detected elements were 20.7 at. % C, 22.2 at. % Si, and 57.1 at. % Ti (i.e., 6.9 wt. % C, 17.3 wt. % Si, and 75.8 wt. % Ti). As relative to the compositions of the initial powder mixture (7.1 wt. % C, 16.8 wt. % Si, and 76.1 wt. % Ti), the change of compositions of the milled powder was considerably slight.
The SLM apparatus consisted mainly of an IPG YLR-200 Ytterbium fiber laser with a power of $200 W and a spot size of 70 lm, an automatic powder layering apparatus, an inert argon gas protection system, and a computer system for process control. When samples were to be prepared, a Ti substrate was fixed on the building platform and leveled. The argon gas was fed into the sealed building chamber, lowering the oxygen content below 10 ppm. A 50 lm thick powder layer was then deposited on the substrate by the layering system. Afterwards, the laser beam scanned and consolidated the powder layer to form a layer-wise profile, using a linear raster scan pattern with a scan vector length of 4 mm and a hatching spacing of 50 lm. The laser powers of 70-120 W and scan speeds of 0.1-0.5 m/s were settled by SLM control program to change the processing conditions. The similar process was repeated and the specimens were built in a layer-by-layer manner until completion. The cubic specimens with dimensions of 8 mm Â 8 mm Â 8 mm were finally prepared.
Phase identification was performed by a Bruker D8 Advance x-ray diffractometer (XRD) with Cu Ka radiation at 40 kV and 40 mA, using a continuous scan mode at 4 /min. Metallographic specimens were prepared according to standard procedures and etched with a solution consisting of HF (2 ml), HNO 3 (4 ml), and distilled water (94 ml). Microstructures were characterized using a Carl Zeiss LEO 1550 field emission scanning electron microscope (FE-SEM) in a secondary electron mode at 5 kV. The interior crystalline microstructures of SLM-processed part were investigated using a FEI Tecnai G2 20 S-TWIN transmission electron microscope (TEM). Chemical compositions were determined by an EDAX EDX, using a super-ultra thin window sapphire detector. Figure 1 (a) depicts the typical XRD spectra of powders and SLM-processed part. The diffraction peaks corresponding to SiC and Ti were identified in the initial powder mixture. After ball milling, the diffraction peaks of powder became significantly broadened and, meanwhile, their intensity was weakened, implying the formation of refined crystallites in asmilled powder. Besides the diffraction peaks for the initial SiC and Ti constituents, the peaks corresponding to TiC (based on JCPDS Card No. 05-0693) and Ti 5 Si 3 (based on JCPDS Card No. 29-1362) new phases were also detected. Therefore, the ball milling process led to a partial occurrence of the designed reaction 3SiC þ 8Ti ¼ 3TiC þ Ti 5 Si 3 , due to the continuous microscopic action of the mechanical force by the repeated ball-powder-ball collisions. 26 The detected diffraction peaks in SLM-processed specimen corresponded exactly to TiC and Ti 5 Si 3 phases. It was concluded preliminarily that SLM of as-milled powder favored the in situ formation of TiC/Ti 5 Si 3 composites. In order to further study the crystal structures and constitution phases of SLM-processed composites, TEM characterization was performed. The chemical compositions of the selected grain were determined by EDX accessory in TEM, as revealed in Table I . The atomic ratio of the detected C and Ti elements was very close to 1:1, whereas the elemental content of Si was negligible. EDX identification thus ascertained the in situ formation of TiC grains. Furthermore, the selected area diffraction pattern (SADP) of the corresponding grain in Fig. 1(b) is exhibited in Fig. 1(c) . By calculating, the lattice constant was approximately 4.32 Å , which further confirmed that the grain was TiC. It was thus reasonable to conclude that the in situ TiC reinforcement was produced after SLM due to the occurrence of the designed reaction. The possibility for the in situ formation of TiC/Ti 5 Si 3 composites can be proved by the Ti-Si-C ternary phase diagram, as referred in Fig. 1(d) . Although the direct measurement of SLM temperature is presently unrealized in this study, it is reasonable to consider that the operative SLM temperature, at least, is higher than the melting temperate of Ti. On one hand, the laser energy density during SLM is sufficiently high to melt the Ti component, due to the application of high-energy fiber laser with a considerably small focus Fig. 1(b size. On the other hand, our previous study on microstructures of SLM-processed pure Ti parts using the similar SLM conditions has suggested the full melting and re-solidification behavior of Ti. 27 As indicated in Fig. 1(d) , the content of Ti component in this Ti-Si-C system for SLM is lower than the Ti content in the eutectic composition point. The high temperature Ti tends to exhaust during the eutectic reaction, leading to the formation of TiC and Ti 5 Si 3 phases. A similar chemical reaction was also detected in the work of Bandyopadhyay et al. on LENS cladding of the SiC particle reinforced coating on Ti, using the SiC powder with a large particle size of 50-150 lm. These relatively large SiC particles remained their cores after LENS. Meanwhile, the SiC particle surface dissolved in the melt to form the TiC reaction layer around SiC particles. The Si that was released during the reaction combined with Ti to form Ti 5 Si 3 .
28 Both our present work and the previous research revealed that the in situ phase reaction in SiC/Ti system to form TiC and Ti 5 Si 3 phases was possible. Figure 2 shows the influence of laser scan speed on the characteristic microstructures of the reinforcement in SLMprocessed composites. Generally, the reinforcing phase exhibited the dendritic growth morphologies. Again, the quantitative elemental determination by EDX accessory in SEM revealed that these dendritic reinforcements were generally composed of Ti and C elements with $1:1 atomic ratio. The combination of XRD, TEM, and EDX analyses confirmed the formation of in situ TiC reinforcement in SLM-processed composites. Different from the previous work, 28 in our work on SLM of SiC/Ti powder system, the in situ reaction was sufficiently processed to form TiC/Ti 5 Si 3 composites. As a main feature, there were no residual SiC particles that were detected after SLM. Since the ball milling process was applied to treat the starting SiC/Ti powder, the SiC component became considerably refined after milling and, meanwhile, a fraction of SiC even decomposed under the long-term action of the mechanical force during milling ( Fig. 1(a) ). In combination with the considerably high laser energy input, the in situ reaction was expected to perform fully during SLM. As the second difference, the in situ formed TiC reinforcement had unique dendritic growth morphology, differing from the particle morphology of the reinforcement in LENS or conventional powder metallurgy processing of in situ composites containing TiC reinforcement. Accordingly, SLM of the ball milled SiC/Ti in situ system exhibited an interesting microstructural development. Nevertheless, the microscopic features of these dendrites exhibited some distinct variations with laser scan speeds. At a relatively higher scan speed of 0.5 m/s, the TiC dendrites typically had the significantly extended dendritic trunks ( Fig.  2(a) ) and their average length reached 9.2 lm (Fig. 2(d) ). The primary dendritic arms, however, were not efficiently developed and a portion of trunks were even bare of the arms (Fig. 2(a) ), resulting in a considerably low average arm length of 0.5 lm (Fig. 2(d) ). As the scan speed decreased to 0.3 m/s, the TiC dendritic trunks became shortened and their mean length decreased sharply to 5.6 lm (Figs. 2(b) and  2(d) ). The primary dendritic arms experienced an apparent growth and the average length increased to 0.9 lm (Figs.  2(b) and 2(d) ). At an even lower scan speed of 0.1 m/s, the microstructures of TiC dendrites became considerably coarsened. The average length of dendritic trunks increased slightly to 6.7 lm, but the change of the mean length of primary dendritic arms was significant, showing $2-fold increase to 1.7 lm (Figs. 2(c) and 2(d) ). The growth mechanisms of the in situ TiC dendrites at different scan speeds were, accordingly, concluded as follows:
(i) The dendritic trunks became elongated on increasing laser scan speed. (ii) The primary dendritic arms experienced a more significant development as laser scan speed decreases.
The changes in microstructures of TiC dendrites with laser powers are illustrated in Figure 3 . It showed that the average length of dentritic trucks (7.6-8.0 lm) remained almost unchanged for various laser powders (Fig. 3(d) ), whereas the size and microstructure of dendritic arms were significantly influenced by laser power (Fig. 3) . For a relatively low laser power of 75 W, the thin, sparse, and short primary dendritic arms with a considerably low average length of 0.7 lm were present (Figs. 3(a) and 3(d) ), implying an insufficient development of dendritic arms in this institution. As laser power increased to 100 W, the primary arms of TiC dendrites were well-developed, producing the relatively coarsened arms with an increased average length of 1.3 lm (Figs. 3(b) and 3(d) ). As an even higher laser power of 120 W was applied, the mean length of the primary dendritic arms further increased to 2.2 lm (Fig. 3(d) ) and, meanwhile, the formation of the secondary dendritic arms was clearly observed (Fig. 3(c) ), which implied that the TiC dendrites underwent a more significant crystal growth and development. A close look at the microstructural variations of TiC dendrites at different laser powers revealed that: (i) Laser power exerts a significant influence upon the growth morphology of dendritic arms, but a negligible effect on the development of dendritic trucks. (ii) An increase in laser power enhanced the growth activity of primary and even secondary dendritic arms. Figure 4 summaries schematically the crystallization and growth mechanisms of dendritic TiC crystal under different SLM conditions. The scan speed controls the growth of both dendritic trucks and arms (Fig. 2) , whereas the laser power mainly influences the development of dendritic arms (Fig. 3) . During laser rapid solidification, the local growth velocity (v s ) of dendritic truck is controlled by scan speed (v), i.e., v s ¼ v cos h, where h is the angle between the vectors v s and v.
30 A higher scan speed v leads to a more significant growth and elongation of dendritic trucks (Figs. 2 and 4(a) ), due to the enhanced v s . Therefore, it is reasonable to conclude that the growth of TiC dendritic trunks during SLM is kinetically dependent on laser scan speed. On the other hand, both v and laser power (P) influence the laser energy density (I) input to the powder layer being melted, as defined by I ¼ P/v. 31 The maximum temperature rise for the melt within laser-irradiated molten pool can be estimated by
, where A is the absorptivity, k the thermal conductivity, j th the heat diffusivity, and s p is the laser irradiation duration. 32 A decrease in v or an increase in P generally results in a higher I and an elevated thermalization of the energy, thereby producing a higher operative temperature. A larger amount of heat tends to accumulate around the tips of dendritic arms being developed, providing a considerable internal energy for the sufficient growth of primary dendritic arms and even secondary arms (Fig. 4) . It is accordingly concluded that the development of TiC dendritic arms is temperature-dependent, which is enhanced by increasing laser power or decreasing scan speed.
In conclusion, the in situ formed TiC reinforcement from the Ti-Si-C ternary system during SLM typically had the dendritic growth morphology. The specific microstructures of TiC dendrites were controlled by SLM parameters. The growth of TiC dendritic trunks was kinetically dependent on laser scan speed. Using a higher scan speed resulted in the elongated dendritic trunks. The laser power, however, had a negligible effect on the development of dendritic trucks. The growth of TiC dendritic arms was dependent on thermal energy and temperature. An increase in laser energy density, which was realized by increasing laser power or decreasing scan speed, enhanced the growth activity of primary and even secondary dendritic arms. 
